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vey	 data,	 (3)	 test	 the	 hypothesis	 of	 greater	 spatial	 structure	 of	 eDNA	 in	 summer	








toral	 or	 benthic	 species	 such	 as	 minnow	 and	 stickleback	 were	 more	 frequently	
detected	 in	 shore	 samples.	By	 contrast	 in	winter,	 the	eDNA	of	 these	 species	was	
more	uniformly	distributed.	This	has	 important	 implications	for	design	of	sampling	
campaigns,	 for	 example,	 deep‐water	 species	 could	 be	missed	 and	 littoral/benthic	
species	overrepresented	by	 focusing	exclusively	on	 shoreline	 samples	 collected	 in	
the	summer.
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1  | INTRODUC TION
Rapid	monitoring	 of	 biodiversity	 for	 conservation,	management,	
or	assessing	the	impact	of	anthropogenic	pressures	 is	frequently	
difficult	to	achieve	using	established	methods.	This	is	particularly	
relevant	 for	 fish	 in	 lake	 ecosystems,	 as	 no	 established	 method	
is	 suitable	 across	 all	 lake	 sizes	 and	 depths:	 electrofishing	 is	 un-
suitable	 for	 large,	 deep	 lakes;	 gillnetting	 under‐records	 species	
restricted	 to	 very	 shallow	 water	 and	 is	 destructive;	 and	 hydro-
acoustics	has	low	efficacy	in	shallow	lakes	and	is	unable	to	iden-
tify	 species.	 Environmental	DNA	 (“eDNA”),	which	 is	 released	 by	













have	 demonstrated	 that	 it	 can	 effectively	 describe	 fish	 communi-
ties	in	lentic	(Civade	et	al.,	2016;	Evans	et	al.,	2017;	Hänfling	et	al.,	
2016;	Klymus,	Marshall,	&	Stepien,	2017;	Valentini	et	al.,	2016),	lotic	
(Civade	et	 al.,	 2016;	Shaw	et	 al.,	 2016;	Valentini	 et	 al.,	 2016),	 and	
marine	environments	 (e.g.,	Thomsen	et	al.,	2012,2016;	Miya	et	al.,	











coding	 has	 huge	 potential	 for	 describing	 fish	 community	 struc-
ture	in	lakes	(Hänfling	et	al.,	2016).	Water	samples	were	collected	
in	 January	 2015	 from	Windermere,	 the	 largest	 lake	 in	 England,	





regular	monitoring	of	 fish	 populations	 since	 the	1940s	 (Maberly	
et	al.,	2011;	Winfield,	Fletcher,	&	James,	2016).	First,	14	of	the	16	
species	ever	recorded	in	Windermere	were	detected	using	eDNA	


















ing	 for	 ecological	 assessment	 of	water	 bodies.	Moreover,	 eDNA	
abundance	data	consistently	correlated	with	rank	abundance	es-









abundance	 estimates	 from	eDNA	compare	 to	 those	 from	estab-
lished	methods	carried	out	at	the	same	time?	We	explore	each	of	










temporal	 variability	 is	 crucial	 for	 determining	 the	 repeatability	 of	






and	 health	 and	 safety	 considerations	 associated	 with	 boat‐based	
work.	To	investigate	whether	shoreline	sampling	is	adequate	for	de-
tection	of	most	 species,	we	collected	samples	 from	the	entire	pe-
rimeter	 of	Windermere	 and	 compared	 shoreline	 samples	 to	 those	
from	offshore	transects.	We	hypothesized	that	more	species	will	be	
detected	 in	 the	 shoreline	 samples,	 and	 that	 fewer	 samples	will	be	
needed	for	species	detection,	relative	to	offshore	samples.	We	also	










of	 samples	 in	which	a	species	was	detected)	 for	assessing	 relative	
abundance	 (Hänfling	 et	 al.,	 2016).	 Encouragingly,	 both	 measures	







In	 this	 study,	eDNA	samples	were	collected	 from	Windermere	
along	three	offshore	transects	and	the	entire	shoreline	in	September	
2015	and	January	2016,	and	along	depth	profiles	(September	only),	
then	data	 combined	with	 that	 from	 January	2015	 (Hänfling	 et	 al.,	
2016)	 in	order	 to:	 (1)	examine	the	temporal	 repeatability	of	eDNA	





in	summer	and	breakdown	 in	winter,	and	 (4)	 robustly	compare	the	
effectiveness	of	shore	and	offshore	sampling	 locations	for	species	
detection.
2  | MATERIAL S AND METHODS
2.1 | Study site









2015	 at	 five	 sites	 (including	 a	 surface	 site	 directly	 above	 a	 deep‐











water	 samples,	 comprised	of	 5	×	400	ml	 pooled	 subsamples,	were	
collected	as	described	 in	 (Hänfling	et	 al.,	2016).	Offshore	 samples	
were	collected	from	a	boat	using	a	Friedinger	sampler,	along	three	
transects	with	approximately	1‐km	sampling	interval	between	sites,	
at	 the	 same	 locations	 sampled	 in	 (Hänfling	 et	 al.,	 2016)	 (Figure	1,	
Table	S2).	Transect	1	follows	the	5‐m	depth	contour	(green	dots	in	
Figure	 1,	N	=	16),	 transect	 2	 follows	 the	20‐m	depth	 contour	 (red	
circles,	N	=	14),	 and	 transect	 3	 follows	 the	 lake	midline	 (blue	 and	
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purple	circles,	N	=	15).	This	sampling	scheme	covered	seven	of	the	
10	sites	that	are	used	for	annual	gill‐net	surveys	and	samples	were	


















sterile	2‐L	plastic	 bottles.	 The	40	 shoreline	 sample	 sites	were	 ap-







2.4 | DNA capture, extraction, and library 
preparation
Water	 filtration	 was	 carried	 out	 at	 the	 Freshwater	 Biological	
Association	 laboratories	 at	Windermere,	within	 8	hr	 of	 collection,	




that	0.45‐μm	cellulose	nitrate	 filters	are	 suitable	 for	 fish	metabar-
coding,	with	low	variation	and	high	repeatability	between	filtration	
replicates	 (Li,	 Lawson	Handley,	 Read,	&	Hänfling,	 2018).	All	 filtra-
tion	 equipment	 was	 sterilized	 in	 10%	 commercial	 bleach	 solution	
for	10	min,	followed	by	rinsing	 in	10%	microsol	and	purified	water	
after	each	filtration.	Filtration	blanks	were	run	before	the	first	filtra-






DNA	 samples	 were	 amplified	 at	 two	 mitochondrial	 regions:	
12S	 rRNA	 (12S,	106	bp,	Kelly,	Port,	Yamahara,	&	Crowder,	2014;	
Riaz	 et	 al.,	 2011)	 and	 cytochrome	b	 (CytB,	 414	bp,	Kocher	 et	 al.,	
1989)	using	16	individually	tagged	forward	primers	and	24	individ-
ually	tagged	reverse	primers,	with	one‐step	library	preparation	as	









step.	 PCR	 products	 were	 checked	 on	 ethidium	 bromide‐stained	
agarose	 gels.	 Each	 set	of	 samples	was	normalized	 for	 concentra-
tion	 across	 the	 samples	 using	 the	 Life	 Technologies	 SequalPrep	
Normalization	Plate	Kit	and	subsequently	pooled	to	make	a	single	
sequencing	 library	 for	 each	 assay	 (12S	 and	 CytB).	 Samples	were	





2.5 | Bioinformatics and data analysis









the	 reference	 databases	 and	 Jupyter	 notebooks	 for	 data	 process-
ing	have	been	deposited	in	a	dedicated	GitHub	repository	(https://
github.com/HullUni‐bioinformatics/Handley_et_al_2018).
Filtered	 data	 were	 summarized	 in	 two	 ways	 for	 downstream	
analyses:	the	number	of	sequence	reads	per	species	divided	by	the	










































South	Basins,	 respectively)	 in	 terms	of	both	numbers	and	biomass	
(Table	S1).	Roach	was	also	found	in	both	basins	but	at	higher	num-
bers	in	the	North	Basin	(N	=	161	compared	to	N	=	61	for	the	South	
Basin).	 Atlantic	 salmon,	 Salmo trutta (N	=	2),	 and	 pike,	 Esox lucius 
(N	=	1),	were	 found	 in	 the	North	Basin	only,	while	common	bream	
(N	=	2)	was	detected	at	a	single	site	in	the	South	Basin.
3.2 | Library quality, raw data and controls
Libraries	generated	between	1.175	and	2.84	Gbp	data	and	had	aver-
age	%≥Q30	scores	of	75.40–75.54	(CytB	2.84	Gbp,	Q30	75.40,	12S,	
1.75	Gbp,	Q30	 75.54).	 Sequencing	 libraries	 contained	 on	 average	









for	 12S).	 The	 average	 number	 of	 fish	 sequences	 per	 sample	 over	
all	 four	 libraries	was	30,012	 (average	 fish	 read	 counts	per	 library:	










14	PCR	negatives	and	195	 reads	were	detected	 in	22	 sample	and	





perch	detected	 in	6	and	minnow,	Phoxinus phoxinus,	detected	 in	5	
PCR	negatives,	but	the	maximum	number	of	reads	per	sample,	per	
species	was	 just	 12,	 suggesting	 contamination	 is	 negligible	 at	 the	
PCR	stage.	Of	23	sample/filtration	blanks	in	this	library,	9	had	zero	
sequence	 reads;	 however,	 notable	 evidence	of	 contamination	 (i.e.,	
sequence	reads	in	the	order	of	1,000)	was	found	in	the	remaining	14	
blanks.	A	total	of	nine	species	was	detected,	three	of	which	(tench,	
Tinca tinca;	 roach;	and	brown	trout,	Salmo trutta)	are	known	to	be	
present	in	Windermere.	It	is	therefore	important	to	bear	in	mind	that	
the	read	counts	for	these	species	may	be	inflated	in	the	actual	sam-
ples	 for	 this	 library.	 The	 other	 six	 species	 detected	 (Crucian	 carp,	
Carassius carassius;	 gudgeon	Gobio gobio;	 common	 bleak,	Alburnus 





by	this	contamination	 issue,	we	restrict	 the	results	 to	species	 that	
have	been	previously	confirmed	in	the	lake.
3.3 | Species detection with eDNA
Detection	 of	 previously	 recorded	 species	 was	 generally	 compa-






pike;	brown	 trout;	eel	Anguilla anguilla; bullhead,	Cottus gobio; and 
common	 bream)	were	 detected	with	 both	markers	 in	 both	 basins	
in	 all	 three	 sampling	 events	 (Figure	 2,	 and	Figures	 S1	 and	 S2).	All	
five	 species	detected	 in	 the	September	2015	gill‐net	 survey	were	
detected	in	the	eDNA	data.
Some	 differences	 were	 observed	 between	 markers	 (Figure	 2	
and	Figures	S1	and	S2).	Tench	and	rudd,	Scardinius erythropthalmus, 
were	 not	 detected	 with	 CytB.	 Occupancy	 for	 some	 species	 (e.g.,	
roach)	was	consistently	higher	with	12S	(Figure	2a,b	and	Figures	S1	






pancy	of	 tench	 in	 the	September	2015	12S	data	could	be	 inflated	
by	contamination	and	should	therefore	be	interpreted	with	caution.
There	 were	 also	 some	 notable	 differences	 in	 detection	 be-
tween	seasons	and	between	basins	 (Figure	2	and	Figures	S1	and	
S2).	 For	 example,	 detection	 of	 some	 species	 (e.g.,	 pike,	 eel)	was	
consistently	greater	in	summer	than	in	winter,	while	bullhead	had	
higher	detection	rates	in	the	winter	(most	notably	in	North	Basin).	















rank,	 23	were	 significant	 (Table	 1).	 Similar	 results	were	 found	 for	
both	site	occupancy	and	read	count	 (Table	1).	Spearman's	 rho	and	
corresponding	 p values	were	 consistently	 higher	 for	 12S	 than	 for	
CytB	(12S	rho	=	−0.695	to	−0.905,	p	<	0.005;	CytB	rho	=	−0.584	to	
−0.795,	p	<	0.05).
F I G U R E  2  Species	detection	in	January	2015,	September	2015,	and	January	2016	based	on	site	occupancy,	for	Windermere	North	(A)	
and	South	(B)	Basins.	Species	are	ordered	according	to	their	long‐term	rank	within	the	basins,	with	perch	the	most	abundant	and	rudd	the	
least	abundant	in	both	basins.	Smoothed	curves	were	fitted	with	a	linear	model	(see	Table	1	for	results	of	correlations)
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Sequence	 read	counts	were	positively	correlated	with	biomass	
of	the	five	species	detected	in	the	September	2015	gill‐net	surveys	
for	 both	 12S	 (Pearson's	 product	 moment	 correlation	 coefficient	
r = 0.911 t	=	3.837,	df	=	3,	p	=	0.031,	Figure	S3a)	and	CytB	(r = 0.935 
t	=	4.572,	df	=	3,	p	=	0.019,	Figure	S3b).
3.5 | Spatial distribution of eDNA
We	 noted	 above	 that	 differences	 in	 spatial	 distribution	 were	 ob-
served	between	North	and	South	Basins	 for	species	such	as	com-
mon	bream.	Here,	we	focus	on	the	comparison	of	shore,	offshore,	
and	 depth	 transects	 along	 the	 entire	 lake	 (Figure	 1)	 for	 summer	
(September)	 and	 winter	 (January).	 For	 perch,	 roach,	 pike,	 brown	
trout,	eel,	and	tench,	the	distribution	of	eDNA	is	uniform	between	
transects,	 and	 this	 observation	 is	 repeatable	 between	 seasons	
(Figure	 3).	 By	 contrast	 strong	 spatial	 structuring	was	 observed	 in	
the	summer	for	some	species.	Most	notably,	Arctic	charr	was	only	
detected	 in	 the	offshore	 transects	 in	 the	 summer,	 and	occupancy	
increased	from	the	5	m	to	midline	transect	(i.e.,	with	depth),	whereas	
in	winter,	this	species	was	detected	in	all	four	transects	(Figure	3).	
The	 reverse	 summer	 pattern	was	 observed	 for	minnow,	 bullhead,	
stone	 loach,	 and	 three‐spined	 stickleback,	 Gasterosteus aculeatus, 
which	 were	 predominantly	 detected	 in	 the	 shoreline	 and	 shallow	


















minnow,	 bullhead,	 and	 stickleback	 were	 detected	 throughout	 the	
water	column.	Arctic	charr	was	again	restricted	to	the	bottom	and	
mid	lake.
Species	 accumulation	 curves	 based	 on	 sample‐based	 rarefac-
tion	plateaued	consistently	higher	for	12S	than	CytB	(Figure	5)	and	
curves	 for	 shore	samples	plateaued	earlier	 than	 for	offshore	sam-
ples	 in	 summer	 (Figure	 5a)	 but	 not	 in	winter	 (Figure	 5b).	 The	12S	
offshore	and	shore	curves	plateaued	at	10	samples	for	winter,	but	
in	summer	around	20	offshore	samples	were	needed	to	detect	the	
Sampling event Locus Basin Read count Site occupancy





















Jan	2016 12S South rho	=	−0.798,	S = 818,	
p = 0.001
rho	=	−0.745,	
S = 794.12,	p = 0.002








Jan	2016 CytB North rho	=	−0.536,	
S = 698.69,	p	=	0.048
rho	=	−0.633,	
S = 743.18,	p = 0.015
Jan 2015 CytB South rho	=	−0.748,	S	=	795.5,	
p = 0.002
rho	=	−0.777,	
S = 808.73,	p = 0.001




Jan	2016 CytB South rho	=	−0.681,	
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same	number	of	species	(Figure	5b).	In	summer,	the	12S	shore	curve	
plateaued	 strongly	 after	 6–10	 samples,	when	 11/14	 species	 (80%	
of	 the	species	diversity)	had	been	captured,	whereas	 the	offshore	







Few	 studies	 have	 so	 far	 explored	 the	 spatiotemporal	 variation	 in	





tion	of	 rank	abundance	 is	highly	 repeatable	between	seasons,	but	
F I G U R E  3  Spatial	distribution	of	eDNA	in	Windermere	for	September	2015	and	January	2016.	Species	are	ordered	according	to	long‐
term	rank.	Rows	correspond	to	the	four	transects:	shoreline	transect,	5‐m	transect,	20‐m	transect,	and	midline	transect	(see	Figure	1	for	
details)




4.1 | eDNA recovers more species than established 
methods and reflects species relative abundance
In	our	previous	study,	carried	out	in	winter	2015,	14	of	the	16	spe-
cies	 confirmed	 in	 Windermere	 using	 established	 methods	 were	
detected	using	eDNA	 (Hänfling	et	al.,	2016).	The	same	14	species	
were	detected	in	winter	2016,	and	13	of	the	species	were	detected	
in	 September	 2015,	 demonstrating	 strong	 consistency	 in	 species	










The	 only	 species	 that	were	 not	 detected	 across	 all	 sampling	

















spatial	 structure	 in	 the	 lake	 during	 the	 summer	months,	 as	 dis-
cussed	under	“Spatial and seasonal variation in eDNA distribution in 
Windermere” below.
It	 has	 recently	 been	 argued	 that	 sample	 pooling	 reduces	 the	
detection	probability	of	fish	species	(Sato,	Sogo,	Doi,	&	Yamanaka,	





of	 replication	 (Ficetola	et	al.,	2015).	 In	this	study,	we	pooled	repli-
cates	 at	 the	 sampling	 (5	×	400	ml	 volumes)	 and	PCR	 (3	 replicates)	
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stages	to	reduce	the	risk	of	false	negatives,	while	allowing	us	to	se-
quence	 a	 large	 number	 of	 samples	within	 a	 budget.	However,	 se-
quencing	 sample	 replicates	 separately	would	 allow	more	 accurate	
estimation	 of	 prevalence,	 detection	 probability,	 and	 false	 positive	




Obtaining	 accurate	 estimates	 of	 abundance	 from	 eDNA	 is	
thought	 to	 be	 challenging	 because	 of	 the	 complex	 dynamics	 of	
eDNA	 in	 the	 environment	 and	 the	 large	 number	 of	 opportunities	
for	bias	during	the	experimental	work	(Barnes	et	al.,	2014;	Lawson	
Handley,	 2015).	 This	 is	 particularly	 true	 for	 eDNA	metabarcoding	
(compared	to	species‐specific	approaches),	in	which	the	number	of	
sequence	reads	for	a	particular	species	can	be	heavily	biased	by	dif-
ferential	 primer	 binding	 (primer	 bias,	Deiner	 et	 al.,	 2017;	 Elbrecht	
&	Leese,	2015)	and/or	subsampling	of	species	during	library	prepa-
ration	(Deiner	et	al.,	2017;	Leray	&	Knowlton,	2015;	Shelton	et	al.,	
2016).	However,	 a	 growing	number	of	 studies	 have	demonstrated	




dance	 (inferred	 from	 long‐term	 established	 data	 sets)	 and	 eDNA	
data	in	the	form	of	both	site	occupancy	and	normalized	read	counts.	















4.2 | Spatial and seasonal variation in eDNA 
distribution in Windermere
Even	in	lentic	water	bodies,	eDNA	is	predicted	to	move	away	from	
its	 source	 via	 microcurrents,	 and	 this	 is	 particularly	 true	 in	 large	
lakes,	which	are	highly	dynamic.	Seasonal	differences	in	eDNA	dis-
tribution	are	expected	 in	 large	 lakes	because	of	differences	 in	 the	
stratification	of	the	water	column	between	winter	and	summer.	We	
therefore	predicted	greater	spatial	structure—both	across	the	 lake	
surface	 and	 at	 different	 depths—in	 eDNA	 distribution	 in	 summer	
compared	to	winter.
First,	based	on	our	previous	 results,	we	predicted	a	difference	
in	 species	 composition	 between	 the	 North	 and	 South	 Basins	 of	
Windermere,	which	differ	 in	 their	 trophic	 status.	 Species	 that	 are	
known	to	prefer	less	eutrophic	conditions	(e.g.,	Arctic	charr,	Atlantic	
F I G U R E  5  Species	accumulation	curves	based	on	sample‐based	rarefaction	for	Windermere	in	(a)	summer	2015	and	(b)	winter	2016.	
Shore	(gray)	and	offshore	(black)	samples	were	analyzed	separately	for	12S	(circles)	and	CytB	(diamonds).	Shading	corresponds	to	the	
number	of	samples	needed	for	optimal	species	detection




























offshore	 in	 summer,	 and	at	much	higher	occupancy	 in	 the	midline	
compared	to	shallower	5‐m	and	20‐m	transects.	This	 is	consistent	
with	Windermere	gill‐net	surveys,	which	never	record	Arctic	charr	
inshore	 outside	 their	 late	 autumn	 and	 early	winter	 spawning	 sea-
son.	The	opposite	spatial	pattern	was	found	for	littoral	and	benthic	
species	(minnow,	bullhead,	stone	loach,	and	stickleback),	which	were	
not	 detected	 in	 the	 midline	 transect	 during	 the	 summer	 and	 had	









wide	 distribution	 (e.g.,	 perch,	 roach,	 pike,	 brown	 trout,	 common	
bream,	and	eel)	were	detected	at	 all	 three	depths,	whereas	deep‐
dwelling	Arctic	 charr	was	only	 detected	 in	 the	midwater	 and	bot-








of	 128	 coastal	marine	 fish	 species	were	 detected	 in	 both	 surface	
and	bottom	samples,	whereas	the	remaining	50%	were	detected	in	
either	 surface	or	bottom	samples	 (Yamamoto	et	 al.,	 2017).	 Similar	
variation	in	vertical	eDNA	distribution	has	been	reported	for	 jelly-
fish	(Minamoto	et	al.,	2017).
Previous	 studies	 have	 demonstrated	 that	 eDNA	 can	 persist	 in	
the	environment	over	 relatively	 large	distances	 (between	approxi-




tween	few	to	hundreds	of	meters	 in	ponds	or	small,	 shallow	 lakes	
(Eichmiller,	 Bajer,	 &	 Sorensen,	 2014;	 Pilliod,	 Goldberg,	 Arkle,	 &	
Waits,	2013)	or	even	coastal	environments	(O'Donnell	et	al.,	2017;	
Port	et	al.,	2016;	Yamamoto	et	al.,	2017).	Our	results	 indicate	that	





Small,	 but	 important	 differences	 between	 seasons	 and	 tran-
sects,	as	well	as	between	 loci,	were	demonstrated	by	the	sample‐
based	 rarefaction	 analyses.	 Previously,	 based	 on	 the	winter	 2015	























In	 summary,	 we	 have	 demonstrated	 that	 species	 detection	 and	
estimation	 of	 relative	 abundance	 of	 lake	 fish	 with	 eDNA	 is	 re-
peatable	 between	 seasons,	 but	 there	 are	 important	 spatial	 and	
seasonal	 differences	 that	 need	 to	 be	 considered	 for	 optimal	
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